Abstract-A coplanar rectangular slot antenna operating in the very wide frequency band from 0.27 to 3.1 GHz (bandwidth over 166%) has been designed for GPR applications. The antenna, which is supposed to be positioned on the soil surface, appears particularly compact (34 × 29 cm 2 ) and exhibits a low cross-polarization in the E-plane. 3D FDTD simulations have allowed to make a detailed parametric study associated with the antenna dimensional parameters in order to optimize the radiating performances. The slot antenna has also been studied with a shield to be further integrated in a bistatic subsurface radar positioned on the soil surface. Simulated results of the link in the presence of a homogeneous soil then including buried objects met in civil engineering structures are presented and discussed. First experimental results on a sandy soil have been compared to numerical ones.
INTRODUCTION
Antennas with broadband characteristics have recently found various applications in modern ultra wide band (UWB) communication systems and in ground penetrating radar (GPR) [1] [2] [3] [4] [5] [6] [7] [8] .
Our applications are focused on imaging the subsurface of a large range of civil engineering structures at several depths using a bistatic GPR positioned on or close to the ground surface [8] [9] [10] . The development of a compact broadband pair of antennas operating in all the frequency band from 0.27 to 3.1 GHz, whose radiation characteristics have been preliminarily studied theoretically in details in different configurations, allows the probing of the subsurface in several frequency sub-bands using a step frequency (SF-GPR) acquisition mode.
Microstrip patch antennas (MPAs) are one of the most basic and important types of planar antennas because they offer many advantages such as compact size, low-cost, ease of fabrication, light weight, and various shapes design [2, 3] . However, a low bandwidth and a low gain are the main shortcomings for such a planar structure. The microstrip antenna has now reached maturity, and many techniques have been suggested for achieving a high bandwidth such as using more complex shapes, parasitic elements, multilayer configurations and the tuning of the feed line [11] [12] [13] [14] . In this paper, an original printed rectangular slot antenna fed by a 50 Ω CPW (coplanar waveguide) transmission line tuned by a E-shaped patch is presented [13, 14] . Presently, little work has been done to lower the operating frequency band of microstrip antennas at frequencies less than 0.8 MHz and to reduce the antenna size at these frequencies because major applications concern UWB wireless communications. The main concern of this study is to rely on recent developments in coplanar technology associated with ultra wide band (UWB) or broad band antennas to design a compact (34×29 cm 2 ) antenna operating at a frequency as low as 0.27 GHz, thus quite lower than 1 GHz [2, 3] . By choosing a relative combination of a E-shaped patch, a linear feed line and a rectangular slot, we have designed an antenna structure on a FR4 substrate (h = 1.5 mm) with a very wide operating bandwidth whose nearly half of the spectrum covers frequencies lower than 1 GHz. A partial shield, only opened towards the ground and coated with an inner layered absorbing material, has been added to eliminate undesirable reflections from the upper environment particularly at low frequencies; moreover, in a GPR system, the antenna shielding will allow to reduce the coupling between the transmitting and the receiving units [9] .
In this paper, the proposed broadband rectangular slot antenna has been simulated using the 3D commercial software EMPIRE (distributed by IMST) based on the finite difference time domain (FDTD) technique. A first detailed parameter study done in air has allowed to define the several geometrical parameters of the unshielded slot antenna, which are the result of a compromise on the frequency bandwidth (reflection coefficient S 11 < −10 dB) and compact dimensions. Afterwards, the antenna radiation characteristics have been studied in the presence of a shield (conductive box coated with a multi-layered lossy material) and a common soil (ε = 5.5; σ = 0.01 S · m −1 ). A pair of antennas has then been considered to form a bistatic radar link positioned on the soil surface, where the soil can include buried objects met in civil engineering structures; the antenna offset has been particularly studied to highlight the influence of the antenna coupling on the detection of a buried pipe or a crack.
ANTENNA STRUCTURE AND DESIGN

Antenna Structure
The geometry of the proposed rectangular slot (L 1 = 270 mm; W 1 = 165 mm) antenna with all its parameters is shown in Figures 1(a)  and 1(b) . The antenna has been designed on a classical single-sided FR4 (ε r = 4.4; tan δ = 0.01) substrate, with thickness h s = 1.5 mm. The patch size is characterized by a length W s = 288.5 mm and a width L s = 340 mm. The rectangular slot is excited by a CPW feedline with a characteristic impedance 50 Ω whose length is l = 77 mm; the CPW transmission line itself is formed by a conductive strip with a width b = 3 mm and a gap distance a = 0.4 mm between the strip and the coplanar ground plane. The two finite ground planes are placed symmetrically at both sides of the CPW line. The E-shaped tuning patch and its relative position in the rectangular aperture strongly influences the S 11 frequency variations. Moreover, the associated trident feed line has allowed to significantly increase the bandwidth beyond frequencies greater than 1 GHz. The trident feed line has a lower width than the CPW line with b = 2 mm. The 3D simulations of the antenna under the commercial software EMPIRE, based on the FDTD approach, have allowed to perform a detailed parametric study associated with the geometrical elements to obtain a return loss S 11 < −10 dB in the frequency band of 0.27 to 3.1 GHz. The influence of main parameters such as W 2 ; W 4 ; L 2 ; L 3 ; L 4 ; c and the trident feed line are reported. Afterwards, the far-field radiation patterns associated with fields E θ and E ϕ corresponding to the co-polar and cross-polar components in both planes E-plane (x-z) and H-plane (yz) are presented at several frequencies in air.
The radiation of the rectangular slot antenna (field modes), which is initially a narrow band antenna, has been described by the cavity model [3] . The fringing effect induced at the open side walls produces radiation along the antenna width W 1 ; however in our case, we have verified that this effect appears negligible (0.53% for f 10 ). The introduction of a tuning stub inside the slot has allowed to create a very broad impedance bandwidth. The resonant frequency f mn of the excited mode TM mn is obtained using the following relation [3] :
where ε e is the effective real permittivity. Thus, according to the dimensions of the slot antenna, the effective permittivity is ε e = 4.32 and the fundamental mode TM 10 leads to the The current distribution on the antenna surface has been calculated by numerical simulations; the results visualized in Figure 2 at the frequency 560 MHz highlight that the trident-shaped feed line provides the alignment of the surface current j xy in the patch along the 0x axis in a quasi uniform distribution [14] .
Parametric Study Associated with the Geometry
The influence of main geometrical parameters on the return loss S 11 of the rectangular slot antenna in air are now detailed. This study allows to justify the final dimensions defined in Figure 1 .
Firstly, the trident-shaped feed has been studied. As shown in Figure 3 (a), the trident-shaped feed considerably increases the bandwidth (S 11 < −10 dB) of the antenna to the upper frequency
CPW-fed rectangular slot antenna trident E-shaped feed line 3.1 GHz comparing to 1.1 GHz which is reached where only one feed line is used (with the characteristics of the CPW line). Moreover, we have remarked from results in Figure 3 (a) that the distance W 4 , between the slot frontier and the E-shaped patch strongly influences the S 11 amplitude at frequencies higher than 1.1 GHz and also the upper bandwidth limit; considering W 4 values ranging from 9.5 to 13.5 mm, the value W 4 = 11.5 mm appears as the best compromise on the frequency bandwidth and the return loss amplitude. In Figure 3 (b), the study of the influence distance c between each parallel feed lines ranging from 22 to 24 mm shows that it affects the S 11 amplitude and the upper bandwidth limit; thus, the value c = 23 mm has been fixed. The height L 3 of the upper element of the E-patch shows from Figure 3 (b) that it influences the bandwidth at the higher frequencies and the S 11 amplitude; consequently, the value L 3 = 16.6 mm has been defined. Afterwards, the influence of the dimensions (L 2 ; W 2 ) of the E shaped patch has been studied. From Figure 4 (a), we remark that in the range 76 to 88 mm, the height L 2 influences the S 11 amplitudes for frequencies higher than 0.85 GHz and also the upper bandwidth limit; we have defined the optimum value to 82 mm to obtain S 11 amplitudes clearly less than −10 dB around 2.3 GHz. From Figure 4 (b), we observe that parameter W 2 influences significantly S 11 amplitudes at frequencies ranging from 0.29 to 2.4 GHz and slightly the upper bandwidth; the value W 2 = 96 mm appears to be the optimum solution.
The radiation patterns associated with the E-field (co-polarisation and cross-polarisation), in both planes, E-plane (φ = 0 • ; x0z) and H-plane (φ = 90 • ; yOz), and expressed in terms of the total gain (including ohmic and reflection losses |S 11 | 2 ) are presented in Figure 5 for four frequencies 0.3, 1, 2, and 2.8 GHz. In the E-plane, we generally remark that there is quite low cross polarization between both E-field components E θ and E ϕ ; the gain is evaluated to 3.25 dB at 0.3 GHz, 6 dB at 1 GHz, 2.4 dB at 2 GHz, and 1.31 dB at 2.8 GHz. A maximum gain is thus observed around 1 GHz, and the weak gain for this slot antenna is a priori due to the compact size of the antenna, its very wide frequency band and the high permittivity of the substrate. The gain could be improved using several approaches synthesized in [15] , and it will be the second objective of this work, as the first one was to show that a quite compact slot antenna operating at low frequencies can be designed using the microstrip technology. In the Hplane, we remark that the minimum cross-polarisation between both E-field components is evaluated to 4.8 dB. At 2 GHz and higher, the amplitudes of both E-field components appear very close, and at these frequencies electromagnetic waves will not penetrate a soil. At 1 GHz, the maximum gain obtained for the component E ϕ is evaluated to 5.4 dB.
Effect of a Partial Shield
When designing a radar system supposed to be positioned parallel to the ground surface, it appears necessary to eliminate the backward radiations in air induced by the environment, and to reduce significantly the direct coupling between the transmitting and the receiving antennas. According to previous studies [9, 16] , a rectangular shield formed of a perfectly conductive box and coated by an inner flat absorbing material has been added. In general, the dielectric characteristics of commercial absorbers are not known for confidential reasons, and approximate models are made. A characterization in reflection is generally made to extract the reflection coefficient of each absorbing layer to extract the complex permittivity and the permeability as a function of the frequency. Our model is based on Atteia's simple model [9] which has considered a conductivity profile to reduce sharp reflections at the cavity frontiers. We have previously used this model [16] and observed that S 11 bandwidth remains unchanged as compared to the unshielded case, and also that theoretical and numerical results compare satisfactorily.
In this work, we have considered a flat absorbing material (called Radar Absorbing Material RAM) made of three layers with a low dielectric constant ε 1,2,3 = 1.5. As visualized in Figure 6 , the antenna shield has the following width length and height h c = 356. 5 Figure 6 . Structure of the proposed rectangular slot antenna shielded and including inner walls coated with a three-layered absorbing material. The radiation patterns of the shielded antenna in air at four frequencies 0.3, 1, 2, and 2.8 GHz are plotted in Figure 9 . In general, we remark that the shield induces an attenuation greater than 20 dB in the backward direction and modifies slightly the maximum gain. 
RADAR SYSTEM
Homogeneous Soil
The radar system, modeled under EMPIRE and visualized in Figure 10 (a), is made of a pair of transmitting (50 Ω) and receiving (10 kΩ) rectangular shielded slot antennas positioned parallel to a semi infinite common homogeneous soil (ε s = 5.5; σ s = 0.01 S · m −1 ) in the mirror configuration at an elevation h = 10 mm. Firstly, the influence of the distance d between both antennas on the transmission coefficient S 21 (dB) has been studied (see Figure 10 (b)) to define the offset resulting from a compromise between a weak direct path amplitude (low S 21 ) and a sufficient high signal amplitude containing soil information. When changing the offset between both antennas from 60 to 140 mm with a step of 20 mm, we observe from Figure 10c weak amplitude differences at frequencies lower than 500 MHz. Moreover, we remark that the coefficient S 21 associated with the surface wave (direct path) induces an amplitude lower than −53 dB in the frequency band 0.1 to 4 GHz. The offset 100 mm which have been defined appears reasonable as it will allow to detect objects buried at the depth 120 mm with a marked amplitude in the time domain (see Figures 12 and 13) ; in this case, the maximum direct wave amplitude is less than 5.3 mV. Because the antennas are positioned very close to the soil surface, we consider that the direct wave propagates at a velocity v av which is an Figure 9 . Far-field radiation patterns (E θ and E ϕ , losses included) in air of the rectangular slot antenna shielded in the E-plane (xOz) and H-plane (yOz) at 0.3, 1, 2 and 2.8 GHz.
average of the velocity in air (c) and in the soil (c/ ε s ) such as:
Thus, the first arrival time (offset = 100 mm) is evaluated analytically to 3.47 ns which is confirmed by the numerical results collected in Figure 10 (b). Then, the influence of the elevation h studied in Figure 11 shows that the amplitude of the direct path is greatly increased when the antennas are put on the soil surface (factor 6), thus the coupling between both antennas in the presence of the soil appears significative. 
Soil with Buried Objects
Then, two types of objects, a dielectric (ε diel = 3.4 thickness 1 mm) pipe with a radius 100 mm and a vertical crack with width 52 mm, both filled with air have been buried in the common homogeneous soil (ε s = 5.5; σ s = 0.01 S · m −1 ) as shown in Figures 12(a) and 12(b) respectively. The depth e of the objects in the soil is 120 mm. The excitation signal has the shape of the first derivative of the gaussian function with a duration w = 0.5 ns; its frequency spectrum is centered at 1 GHz, and the bandwidth is 3 GHz on both sides from this center frequency. In the arrival time calculations, the distance between the antennas at ports P 1 and P 2 (s = 703 mm+offset) has to be considered.
As the path 2L associated with the reflected path on a buried object (see Figure 12 (c)) appears significantly greater than the 
Thus, the propagation time t 1 is estimated to be 6.9 ns using the analytical relations (3) and (4) if we consider the distance between ports s = 743 mm (offset = 100 mm); in this configuration, if the distance between antenna centers is s center = 494.5 mm, the propagation time t 1 is evaluated to be 5.62 ns, thus very close to 5.67 ns calculated from numerical simulations (see Figure 13(a) ). Because the pipe depth appears small as compared to the antenna distance s, we observe in Figure 13 (a) an overlap of two wave components around 6 ns associated with the direct wave propagating in the soil and the reflected wave from the dielectric pipe. Both signals associated with the pipe and the crack appear similar. However the signal corresponding to the crack appears about twice weaker, and its width is twice weaker as the pipe diameter. It must be mentioned that the crack has a semi-infinite extent in depth. In general, we remark that the direct waves generated in the presence of a homogeneous soil show very low amplitudes as compared to the wave reflected by the buried object. The displacement of the radar system on the soil surface at a fixed offset (offset = 100 mm) along the direction Ox (B-scan) gives a radargram; considering the homogeneous soil with the buried pipe (offset = 100 mm, e = 120 mm, h = 10 mm), the radargram presented in Figure 13 (b) shows part of the hyperbola (the shape of the incident signal has been plotted). Afterwards, the same pipe has been buried 100 mm deeper, thus 220 mm under the soil surface, and we have compared in Figure 14 (a) the waveforms at both depths. Considering the distance between antenna centers s center = 494.5 mm, the propagation time t 1 is evaluated to be 7.9 ns; a marked peak can be visualized in Figure 14 (a) close to the time 8 ns. The signal before corresponds to the reflection between the antenna shields. Afterwards, a double layered soil has been considered with the following characteristics associated with the thicknesses and the complex permittivities: layer 1, e 1 = 120 mm, ε 1 = 5.5; σ = 0.01 S · m −1 , and layer 2 e 2 → ∞, ε 2 = 9; σ = 0.01 S · m −1 . The time difference between successive signals reflected on the interface between both layers is theoretically 1.9 ns, which corresponds to the signals observed in Figure 14 (b).
MEASUREMENTS
Validation measurements have been made on a large wood box such as visualized in Figure 15 Firstly, considering an offset = 100 mm and an elevation h = 10 mm, we have compared the transmission between the pair of shielded antennas for three configurations: mirror, non-mirror, and parallel. The different frequency variations of S 21 in Figure 16 show higher amplitudes at frequencies greater than 1 GHz for the non mirror configuration. The S 21 amplitude of the mirror configuration decreases more regularly than the parallel configuration; the slope of the decrease appears similar.
Afterwards, considering the parallel configuration, we have compared measurement and simulation results for both coefficients S 11 and S 21 in the frequency band from 0.1 to 4 GHz in Figures 17(a) and 17(b), respectively. In Figure 17(a) , the peaks and hollows of the measurements agree satisfactorily with the simulations; the measurement variations versus frequency appear smoother. The S 11 variations of a slot bow-tie antenna previously developed [16] have operate at frequencies useful for GPR applications. The comparison between measurements and simulations for the transmission coefficient S 21 presented in Figure 17 (b) show a marked amplitude difference (around 20 dB) at frequencies less than 1 GHz. This can be explained by the shielding of the antenna that was not complete during the measurements as no conductive box has been used for each antenna or by the curved shape of the cables connected to the VNA because of their short length. However, we remark from simulation results in Figure 17 (b) that a soil with a lower permittivity ε s = 4(σ s = 0.01 S · m −1 ), that a priori better corresponds to the sand studied [16] , significantly increases the S 21 amplitude at frequencies higher than 0.8 GHz. Moreover, as during the experiments both antennas have been positioned at a weaker elevation than 10 mm, around 4 mm, we notice from the simulations that a lower height produces an increase in the S 21 amplitude and particularly at frequencies higher than 0.6 MHz. Moreover, we remark that a weaker elevation induces a lower decreasing slope as a function of the frequency. Finally, S 21 measurements have been made in the non mirror configuration for an offset around 7 cm. The measurements compared to simulation results (ε s = 4; σ s = 0.01 S · m −1 ) with two elevations h = 4 and 10 mm are presented in Figure 18 . As previously, we observe a marked amplitude difference at frequencies less than 0.8 MHz. We remark that the elevation appears between 4 and 10 mm when considering the shape of frequency variations.
CONCLUSION
This paper has presented the simulation results associated with the broadband characteristics of an original rectangular slot antenna. The antenna is original as it has relatively short dimensions (34 × 29 cm 2 ) to operate at a frequency as low as 0.27 GHz until 3.1 GHz. A low cross polarization in the E-plane in the overall frequency band characterizes this antenna. His gain is typical of microstrip antennas and could be improved. A detailed parametric study based on FDTD simulations has allowed to define its geometry which results from a suitable compromise on the feed line, the E-shaped patch, the tuning of the feed line, and the rectangular slot. The modeling of a radar system positioned close to the soil has been made in three different configurations to study in particular the coupling between both antennas through air and the soil. Afterwards, the presence of a buried object (pipe or crack all filled with air) has been considered to show the ability of the system to detect an object surrounded by a dielectric soil. Further studies will be focused on measurement campaigns in several environments (laboratory and controlled place) and the development of data processing to extract quantitative information from radar scans in different frequency sub-bands.
